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Transmission of HIV from HIV-infected persons is primarily a function of risk behavior (eg, unprotected anal or vaginal sex with an HIV-uninfected partner) and HIV viral load. Interventions at each step of the HIV care continuum [2] [3] [4] (diagnosis, retention in medical care, prescription of antiretroviral therapy [ART] , and viral suppression) have the potential to reduce HIV transmission. Persons aware of their HIV infection have lower transmission risk behavior than those infected but unaware of their infection. 5, 6 Regular engagement in medical care is necessary to access ART and achieve viral suppression, which is strongly associated with reduced HIV transmission. [7] [8] [9] In addition, persons engaged in regular medical care are more likely to receive counseling interventions 10 and screening and treatment for sexually transmitted infections that might reduce HIV transmission. 8 Although increasing the number of persons who attain each step in the HIV care continuum is part of the national strategy to reduce HIV transmission in the United States, 11,12 previous analyses of the HIV care continuum have focused on its clinical implications for morbidity and mortality rather than the potential ramifications for HIV prevention. [2] [3] [4] Estimates of the number of HIV transmissions arising at each step of the HIV care continuum are essential for policy makers and programs seeking to allocate HIV prevention resources in ways that maximize their epidemiological returns on investment. Such estimates provide a basis for understanding the number of transmissions that could be averted by directing additional resources toward particular continuum steps (eg, earlier diagnosis through increased testing or better retention in care through case management support).
To quantify the potential population-level prevention effect of deploying interventions at different points along the care continuum, we constructed a model to estimate the rate and number of HIV transmissions from HIV-infected persons in the United States by HIV care continuum step and stratified by sex, HIV acquisition risk category, and age group. We used data on HIV transmission risk behavior and viral load from 3 national surveillance systems.
Methods

Data Sources
In accordance with the federal human participants protection regulations, the National HIV Surveillance System (NHSS) and the Medical Monitoring Project (MMP) were determined to be nonresearch, public health surveillance activities used for disease control program or policy purposes. As such, the NHSS and the MMP are not subject to federal institutional review board review. If required locally to conduct MMP, participating states or territories and facilities obtained local institutional review board approval. The National HIV Behavioral Surveillance System (NHBS) was approved by local institutional review boards in each of the participating cities. All participants in the NHBS were explicitly assured during the recruitment process of the anonymous nature of the survey and the HIV testing. For NHBS, no personal identifiers were collected during enrollment, interview, or testing and all participants provided verbal informed consent to take part in the interview and to be tested for HIV. No authors had access to any information that would directly identify individual persons on whom data were collected.
We estimated the number of HIV transmissions in 2009 that were attributable to individuals at each of the following 5 steps of the HIV care continuum: (1) HIV infected but undiagnosed, (2) HIV diagnosed but not retained in medical care, (3) retained in care but not prescribed ART, (4) prescribed ART but not virally suppressed, and (5) virally suppressed. Data from the NHSS were used to estimate the number of HIV-infected undiagnosed persons. 4 Data from the MMP, 13,14 a nationally representative surveillance system of persons receiving HIV care, were used to estimate the number of HIV-diagnosed persons who were retained in care, were prescribed ART, and achieved viral suppression. 4 Data on transmission risk behaviors were obtained from the NHBS 2006-2011 cycles for persons unaware of their HIV infection and those who were HIVdiagnosed but not retained in care (steps 1-2), and the MMP 2009 cycle for persons who were retained in care, prescribed ART, and virally suppressed (steps 3-5).
Model Description
We used a multistep, static, deterministic model that incorporated the primary data in the NHBS and MMP to estimate the rate and number of HIV transmissions along the care continuum. First, we computed the expected number of HIV transmissions in the previous year for each MMP and HIV-infected NHBS respondent by aggregating transmission probabilities across acts with reported sex or drug use partners (Box and Figure 1 ). These calculations incorporated information on the numbers and types of sex and injection drug partners, types of sex acts, and condom use reported by respondents in the previous year, as well as viral load measures abstracted from the MMP respondents' medical records in the previous year. For persons with multiple viral load measures, the area under the curve approximating the mean daily viral load was calculated. 15 Further model assumptions, such as per-act transmission probability and the number of sex acts, were based on a literature review (eAppendix in the Supplement). Second, respondent-level transmissions were combined to estimate the mean annual per-person transmissions (ie, transmission rate) at each continuum step overall and by respondent sex, HIV acquisition risk category, and age group. Because the MMP is a probability survey, weighted means for the 3 in-care steps could be directly computed using sampling weights. By contrast, transmission rate estimates for the first 2 continuum steps, which relied on the NHBS data, required an additional standardization step. The mean numbers of transmissions were first computed for all combinations of continuum step, sex, HIV acquisition risk category, and age group strata and then weighted by the representation of each stratum using the NHSS-based and MMP-based population size estimates.
Third, the transmission rates were multiplied by the NHSSbased and MMP-based population size estimates to calculate rates and numbers of transmissions at each continuum step, as well as the percentage reductions in transmission associated with each subsequent step of the care continuum.
To assess whether transmission varies among population subgroups, results were stratified by sex, HIV acquisition risk category, and age group. Finally, to explore whether variation in transmission rates across the HIV care continuum was related to differences in HIV risk behaviors reported in the previous year, we also quantified the total number of sex partners, any unprotected sex with an HIV-discordant or unknown status partner, and any injection drug use and needle sharing using standardized descriptive measures for the first 2 steps and weighted measures for the final 3 steps of the care continuum.
Bias Analysis
We conducted a probabilistic bias analysis to understand the sensitivity of the estimated rates, numbers of transmissions, and reductions in transmission to misspecification of model inputs and random error in the estimation of population denominators. 16 In a Monte Carlo simulation (1000 runs), we jointly sampled from probability distributions placed around behavioral and clinical inputs and estimated 95% simulation intervals (95% SIs) for all model transmission rates and rate reductions. These results were combined with 95% CIs for population size denominators to produce 95% SIs for the estimated number of transmissions.
Results
Of Figure 2B -D, and eTable in the Supplement). Men accounted for most transmissions (86.5%). When sex and HIV acquisition risk category were considered simultaneously, men who acquired HIV via male-to-male sexual contact accounted for the most transmissions (26 269 [58.0%]), and women who acquired HIV via injection drug use accounted for the fewest transmissions (2861 [6.3%]). Men who acquired HIV via maleto-male sexual contact and injection drug use had the highest transmission rate (7.1 transmissions/100PY), and women who acquired HIV via heterosexual contact had the lowest transmission rate (1.6 transmissions/100PY). Stratified by age group, persons 35 to 44 years old accounted for the most HIV transmissions (12 728 [31.8%]), while persons 25 to 34 years old had the highest transmission rate (6.2 transmissions/100PY).
Each of the 3 HIV transmission risk behavioral factors we examined (mean total number of sex partners, any unprotected sex with HIV-discordant or unknown status partner, and
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. Probability of IDU transmission e Woman who ever had heterosexual contact with a person known to have or be at high risk for HIV infection. f Estimates for persons 13 to 24 years old were not calculated because the Medical Monitoring Project and the National HIV Behavioral Surveillance System collect data only on persons 18 years or older, and the base population size estimated from the National HIV Surveillance System prevalence could not be determined by smaller age strata owing to sample size limitations. Therefore, percentages for the number of transmissions by age group are calculated with the exclusion of those 13 to 24 years old from the denominator. Persons diagnosed as having HIV and not retained in care accounted for the most transmissions (61.3%). In part, this finding reflects their proportionate representation among persons living with HIV (45.2%). However, persons diagnosed as having HIV but not retained in care were more likely to transmit HIV than were persons who were retained in care, even among those who had not been prescribed ART. As recommended by guidelines, [20] [21] [22] comprehensive HIV care should include interventions aimed at reducing HIV transmission such as HIV care provider counseling on risk reduction, screening and treatment for sexually transmitted infections, treatment for mental health and substance use disorders, and other prevention services. Although the relative contribution of these services to transmission risk reduction was not directly assessed in this model, the decrease in transmission rates evident between persons retained and not retained in care suggests that the receipt of HIV care, even in the absence of ART prescription and subsequent viral suppression, might be associated with reduced HIV transmission. Such an association underscores the importance of linkage to and retention in care not only for the individual living with HIV but also for his or her current and future partners and the community at large. Evidence-based interventions to improve linkage to and retention in care need to be more Two-thirds of transmissions were from men who acquired HIV via male-to-male sexual contact or male-to-male sexual contact and injection drug use, and most of the transmissions in this subgroup were attributed to those who were HIV infected but undiagnosed or HIV diagnosed but not retained in care. Targeted HIV prevention efforts are needed to increase HIV diagnosis and linkage to and retention in care among men who have male-to-male sexual contact. Among all persons, the transmission rate decreased with age (eg, 6.2 transmissions/100PY for persons 25-34 years old vs 3.1 transmissions/100PY for persons 45-54 years old). However, the absolute number of transmissions was similar for persons 25 to 34 years old, 35 to 44 years old, and 45 to 54 years old (range, 10 090-12 728 transmissions) due to more persons in older age groups. To reduce the overall number of transmissions, our prevention efforts need to reach persons of all age groups.
Human Immunodeficiency Virus Transmission
While the best available data from the NHSS, the MMP, the NHBS, and the literature were used to construct population size and transmission rate estimates, this analysis has some limitations. First, not all factors that are associated with HIV transmission risk (eg, acute HIV infection, presence of concurrent sexually transmitted infections, and potential nonindependence of injection drug use and sexual partners) were accounted for in our estimates. Second, although reference period dates for 2 of the systems used to produce our estimates were closely matched (ie, 2009 for the MMP and the NHSS), the NHBS data were collected between 2006 and 2011. Third, this analysis might overestimate the number of persons who were HIV diagnosed but not retained in medical care based on the MMP definition of retention (1 visit to an HIV care provider in the first 4 months of the year); persons who had medi- cal visits only in the last 8 months of the year would not have been considered to be retained in care. Fourth, the NHBS data on men who have sex with men are limited to those who attend venues frequented by men who have sex with men; persons who attend such venues might have increased risk behaviors. Fifth, the MMP and NHBS data on self-reported sex and drug use behavior are subject to social desirability and recall bias. Sixth, the HIV care continuum is presented as a static representation at the population level; however, it does not capture the dynamic nature of care because individuals can cycle in and out of care or on and off ART. Seventh, we are limited by the observational nature of these data. For example, the observed reductions in HIV transmission rate might be due to the unmeasured characteristics of persons who are more likely to be retained in care rather than any aspect of care. As such, these results can help guide population-level investment in HIV prevention programs but should not be applied to estimate individual-level risk of HIV transmission.
Conclusions
In the United States, persons living with HIV who are retained in care and have achieved viral suppression are 94.0% less likely to transmit HIV than HIV-infected undiagnosed persons. Unfortunately, too few persons living with HIV have achieved viral suppression. These estimates of the relative number of transmissions from persons along the HIV care continuum highlight the community-wide prevention benefits of expanding HIV diagnosis and treatment in the United States. Improvements are needed at each step of the continuum to reduce HIV transmission. Through stronger coordination of efforts among individuals, HIV care providers, health departments, and government agencies, the United States can realize meaningful gains in the number of persons living with HIV who are aware of their status, linked to and retained in care, receiving ART, and adherent to treatment.
